Abstract Conventional UV-visible spectrophotometric technique was used to study the kinetics of oxidation of ethylenediaminetetraacetic acid (EDTA) in presence and absence of cationic micelles of cetyltrimethylammonium bromide (CTAB) by MnO À 4 in alkaline medium. The reaction follows first-order kinetics with respect to each ½MnO À 4 and ½OH À in both media. The plots of log absorbance versus time clearly indicate that the oxidation process has an induction period followed by autoacceleration (sigmoid behaviour). The extent of the induction period depends on the experimental conditions. The rate constants increase with increasing [CTAB]. The observed catalytic effect has been discussed in terms of the incorporation/association/solublization of MnO À 4 , reactive species of EDTA and OH À into the Stern layer by using Menger-Portnoy model. The presence of NaCl and NaBr inhibits the reaction rate due to the exclusion of reactant from the Stern layer. On the bases of the observed results, the mechanism has been proposed and discussed.
Introduction
Surfactants of cationic nature like CTAB are well known as antibacterial compounds. They are used as environmental cleaning products, cosmetic formulations and pharmaceuticals. The special properties of surfactants are important in a wide variety of applications in chemistry, biology, engineering, material science, photochemical, photobiological solar energy conversions and other areas (Fendler, 1985) . These molecules are said to be amphipathic, i.e., they have distinct hydrophilic (polar) and hydrophobic (non polar) regions (Alexandridis and Hatton, 1995) . Surfactants dissolve completely in water at very low concentrations, but above a certain level, the critical micelle concentration (CMC), the molecules form globular aggregates called micelles. The effects of surfactant and its micelle on chemical reactions are always an interesting field of research for chemists and biologists (Tascioglu, 1996) . There is extensive evidence on the ability of aqueous micelles and other associated colloids to influence the reaction rates, equilibria, concentration or depletion of reactants in the interfacial region (Yunes et al., 2005; Bunton, 2005; Whiddon et al., 2004; Chiarini and Bunton, 2002; Brinchi et al., 2000) . Micellar catalysis and inhibition have received considerable attention in view of analogies drawn between micellar and enzyme catalysis. Micellar effects on the rates are sensitive to the nature of counter ions and to head group bulk (Sanchez et al., 1997; Bunton, 2006) . Reaction rates can be either accelerated or decelerated, depending on the chemical system, the type of the surfactant, and other factors, such as pH, ionic strength, etc.
Permanganate, an important oxidant in many organic and inorganic redox reactions and its oxidation process is ecofriendly and has gained importance in green chemistry. The mechanisms for different organic substrates suggested by various authors are not similar, indicating that a variety of mechanisms are possible, depending upon the nature of the reactive manganese intermediate(s) species (Mn(VI), Mn(V), Mn(IV) and Mn(III)), the reaction environment and the nature of the reducing agent (Dash et al., 2009) .
Ethylenediaminetetraacetic acid (nuclear wastes) is a multifunctional a-amino acid that behaves as a double zwitter ion in dilute aqueous solution. The literature is replete with investigations to the complexation of EDTA with various metal ions (especially, Mn(II), Cu(II), Fe(III) and Co(III)) because of the important role played by EDTA as chelating agent, but the electron transfer processes involving EDTA has been neglected. The kinetics of oxidation of EDTA by permanganate have been reported in weakly acidic (pH = 3-5) (Bose et al., 1991) and alkaline (pH = 12-14) media (Chang et al., 2006) but in presence of surfactants no report is available in the literature. In this paper we present a study of the kinetics and the mechanism involved in the EDTA oxidation by MnO À 4 . Additionally, the effect of inorganic electrolytes on the rate of reaction was also studied in the presence of CTAB.
Experimental

Materials
Disodium salt of ethylenediaminetetraacetic acid, potassium permanganate, cetyltrimethylammonium bromide (CTAB), Sodium hydroxide (NaOH), manganese(II) chloride, sodium chloride (NaCl) and sodium bromide (NaBr) (all 99%, BDH, Pool England) were commercial products and were used to prepare stock solutions. Solvent H 2 O was purified by deionization followed by double distillation (first time from alkaline KMnO 4 Þ. Permanganate and EDTA solutions were stored in a dark glass and polythene bottles, respectively, because EDTA solution gradually leaches metal ions from glass containers, resulting in a change in the effective [EDTA] . Permanganate solutions were standardized by titration against sodium oxalate.
Kinetic measurements
Requisite amounts of MnO À 4 and EDTA were pipetted in a reaction vessel placed in a thermostat at the desired temperature ð25
CÞ for a sufficient time to attain the required temperature ðAE0:1 CÞ. The oxidation of EDTA was carried out under pseudo-first-order conditions with at least ten fold excess of [EDTA] over ½MnO À 4 concentration. The reaction was initiated by the rapid addition of known amounts of EDTA to the reaction mixture containing the required amount of MnO À 4 , CTAB, NaOH and water in three necked vessel fitted with a double-surface condenser to prevent evaporation. The reaction volume was always 50 cm 3 . Both of the reactants were thermostated separately at the desired temperature before mixing. The progress of the reaction was followed by measuring the absorbance of the MnO À 4 ion at 525 nm on a Perkin-Elmer UV/vis spectrophotometer, Lambda E 2150, using cell of path length 1 cm. The first-order rate constants ðk obs ; s À1 Þ were determined from the slopes of the plots of log(absorbance) versus time for the 90% completion of the reaction. Duplicate kinetic runs showed that the rate constants were reproducible to within AE4%. Other details of the kinetic procedure were the same as described previously (Kabir-ud-Din et al., 2006; Khan et al., 2005; Raju and Khan, 2005) .
Products analysis
In a typical experiment, a solution of ½MnO À 4 ð2:0Â 10 À4 mol dm À3 Þ was added to a reaction mixture containing [EDTA] ð2:0 Â 10 À3 mol dm À3 Þ, CTAB ð10:0 Â 10 À4 mol dm 3 Þ and ½H 2 SO 4 ð5:0 Â 10 À2 mol dm À3 Þ at room temperature. As the reaction proceeded, the evolved carbon dioxide was flushed out by passing a continuous current of pure N 2 gas (free from O 2 and CO 2 Þ and was absorbed in standard BaðOHÞ 2 solution and then estimated by titration with standard HCl solution (Khan et al., 1992) . On the other hand, after completion of the reaction, the resultant mixture was collected to a roundbottom flask and distilled. The distillate was collected in a saturated solution of 2,4-dinitrophenylhydrazine in 2N HCl. The yellow residue was cooled, filtered, washed with ethanol. The same procedure was repeated with known concentrations of formaldehyde. The compound was analysed by its I.R. spectrum and was identified as the 2,4-dinitrophenylhydrazone of formaldehyde.
Stoichiometric determination
The stoichiometric experiments were carried out by mixing the known [EDTA] and ½MnO À4 mol dm À3 Þ became dark brown and deposition of solid MnO 2 (brown substance) was observed instead of transparent and colorless solution after some time.
Critical micelle concentration (CMC) determination
The conductometric technique was used to determine the CMC values of CTAB solutions at different experimental conditions, i.e., CTAB only, CTAB + MnO
The CMC values were determined from plots of the specific conductivity versus [CTAB] in the absence and presence of MnO À 4 and EDTA. The break point of nearly two straight-line portions in the plot are taken as an indication of micelle formation and this corresponds to the CMC of surfactant (Mukherjee and Mysels, 1971 (Arrizabalaga et al., 1996) . The values of the rate constants of an initial stage were determined from the slopes of the tangents of the plots of log(absorbance) versus time. To find out the order with respect to [EDTA] , the values of first-order rate constants ðk obs Þ were determined at different [EDTA] in the 1:0 Â 10 À3 to 5:0 Â 10 À3 mol dm À3 range at constant ½MnO À4 mol dm À3 ) and the reaction follows a pseudo-first order rate law.
Oxidation of EDTA in presence of NaOH
Oxidation of EDTA in presence of NaOH and CTAB
It is well established that surfactant can alter reaction mechanism, molecularities and orders by virtue of their medium effect; and that they can be utilized as mechanistic probes for reaction mechanism (Tascioglu, 1996) . Preliminary observations showed that the solution of CTAB became turbid in presence of HClO 4 . Therefore, NaOH was used to maintain the ½OH À constant. The most interesting features of the present observations are the very fast decrease in the absorbance of the reaction mixture containing MnO 
. Effect of pH
The majority of redox systems in aqueous solutions involve H þ and OH À ions. As a result, the pH of the reaction medium can have a major impact upon the redox potential of the solutes, as predicted by the Nernst equation. The standard reduction potentials of Mn(VII)/Mn(VI), Mn(VII)/Mn(IV) and Mn(VII)/Mn(II) are +1.23, +0.56 and +1.51 V in strong basic, aqueous, and strong acidic solutions, respectively. On the other hand, various species EDTA exist in equilibrium due to the presence of pH sensitive -COOH and ÀNH 2 groups in aqueous solution. Therefore, control of pH is a crucial problem that we address first. Tondre and Hebrant (1997) have advised to avoid the use of even buffer solutions to maintain pH of micellar solutions. pH shift by about plus two units is expected at the surface of CTAB micelles with respect to the bulk pH and control of pH is not as straightforward in micellar solutions as in ordinary solvents (Bacaloglu et al., 1989) . However, a series of experiments were also performed in order to see any change in the macroscopic pH of the working solution in presence of [CTAB] and/r EDTA. The pH values was found to be nearly constant with increasing [CTAB] and [EDTA] (weak acid; pK 1 ¼ 2:0; pK 2 ¼ 2:6; pK 3 ¼ 6:2 and pK 4 ¼ 10:2).
The observed values of pH are given in Table 1 . It is not surprising because ionic micelles show a marked difference in the effective local pH to exist at its micellar surface over that in bulk aqueous solvent. The different pH in the micellar pseudo phase of ionic micelles is understandable because most of the ionic (acidic and basic) species should be in the micellar phase and in addition pK s in micellar systems are all most of time different from the pK s measured in water.
Effect of [CTAB]
The effect of [CTAB] (Fig. 4) which clearly demonstrate the CTAB catalytic effect not only above but even below CMC, i.e., micellar as well as submicellar catalysis are observed. Accordingly to the multiple equilibrium model, the distribution of surfactant ðD 1 Þ between various states of aggregation is controlled by a series of dynamic association-dissociation equilibria: The catalytic role of CTAB can be sought in the fact that small aggregates of the CTAB exist below the CMC; these small submicellar aggregates interact physically with the reactants forming active entities. The observed catalytic effect may, therefore, be due to (i) presence of premicelles and/or (ii) preponement of micellization by reactants (Cerichelli et al., 1994) .
Analysis of rate constant-[CTAB] data
From Fig. 4 and reactive species of EDTA interacts with the CTAB monomers or dimmers and submicellar aggregates (ion pair between positive head group of CTAB and reactants) are formed. Therefore, the environment will be less polar than in pure water. As a result, the presence of a positive head group of CTAB and both reactants would decrease the surface area of EDTA and MnO À 4 which, in turn, increase the reaction rate. The catalysis observed under the present experimental conditions (Fig. 4 ) is in agreement with the similar bimolecular reactions (Graciani et al., 1997) .
The catalytic effect of CTAB on rate constant may be explained in terms of the pseudo-phase model (Scheme 1) of Menger and Portnoy (1967) , which takes into consideration of incorporation/solubilization of only one reactant into the micellar phase. The assumptions involved in the MengerPortnoy model, its advantages and disadvantages are critically discussed by Bunton's group (Bunton, 1997) .
The first-order rate constant for the overall reaction is given by Eq. (4).
where K s ; k 5).
where k w ¼ k 
Eq. (6) can be rearranged to give Eq. (7).
Eq. (7) is useful in that it predicts the linearity of the plot of 1/ k obs against 1=½D n . From the intercept and slope of the linear plot of 1=k obs versus 1=½D n (Fig. 5) (6) and compared with k obs (experimentally observed values of rate constants) ( Table 1 ). The close agreement between k obs and k cal provides supporting evidence for the proposed mechanism and to Eq. (6).
Effect of electrolytes on k obs
Inert salts, especially the inorganic ones, act as catalysts or inhibitors in the micelle mediated reactions (Tascioglu, 1996) . Therefore, a series of experiments were performed, to gain insight into the role of NaCl and NaBr. It was observed that k obs decreases steeply by increasing the concentrations of these inorganic salts (Fig. 7) . The salt effects follow the expected pattern. The reason for this observation may be as follows. Presence of anions around the Stern layer of CTAB micelles may result in the decrease of surface potential of micelle which, in turn, excludes the reactive species MnO À 4 and EDTA from the Stern layer as well as micelles surface. This will give rise to depletion of reactants in the micellar phase; hence, the retardation of rate with increasing the concentration of salts. The counterions (Br À and Cl À ) compete for EDTA for the CTAB micelles so that inhibition by these anions increases according to their polarizing power. 
Mechanism and rate law
It is well established that in aqueous solution, various EDTA species exist in equilibrium. The nature of these species depends upon the pH of the reaction media. species exists in significant concentrations and these species is the reactive species of EDTA. On the basis of above results and discussion, the Scheme 2 mechanism is proposed for the oxidation of EDTA by MnO À 4 in alkaline medium. In Scheme 2, Eqs. (8) and (9), represents, respectively, the ionization of EDTA and complex formation between MnO À 4 and Y 4À . Eq. (10) is a one-step, one-electron oxidationreduction mechanism which gives radical and Mn(VI) (other oxidation states of Mn are obviously involved in the reaction; they are extremely reactive and unstable. In order to identify the nature manganese species formed as an intermediate, UV-vis spectrum of reaction mixture containing MnO À 4 , EDTA, CTAB and NaOH were recorded as a function of time (Fig. 6) . As the reaction proceeds, absorbance of MnO À 4 decreases with time. It is important to recall that spectra of water soluble colloidal MnO 2 (Mn(IV) species) showed one broad band covering the whole visible region of the spectrum . Thus the reaction proceeds through the formation of colloidal MnO 2 as an intermediate. In case of MnO À 4 as oxidising agent the possible intermediates are Mn(VI), Mn(V), Mn(IV) and Mn(III). The presence of Mn(VI) and Mn(V) are ruled out by the fact that they are highly unstable. As for as the formation of Mn(III) is concerned, some experiments were also performed at 470 nm (characteristic of Mn(III)) but failed to detect any build up of Mn(III) during the course of the reaction. Mn(IV) oxidises the EDTA (Eq. (13)). The probability of the direct reaction between Mn(IV) and Mn(II) to yield Mn(III) (Eq. (15)) cannot be ruled out either. Mn(III) is a strong oxidant and is unstable with respect to disproportionation it immediately gets converted into stable products in presence of large amount of EDTA (Eq. (16) 
Thus, 9)). The second step is a slower electron transfer from EDTA to the manganese(VII) with in the complex (Eq. (10)). Using values of k, [EDTA] and K c , the k cal , can be generated for various kinetic runs (Table 1 ). The close agreement between k obs and k cal , provides the supportive evidence for the proposed mechanism (Scheme 2) and conforms the validity of the rate law (Eq. (17)).
Probable reaction site
The location of the reactants and degree of water penetration into the miceller structure has a major influence on reactivity. It is well known that the exact reaction site cannot be proposed because the Micellar pseudo-phase is regarded as a micro environment having varying degree of water activity, polarity and hydrophobocity. The water activity is slightly lower at the interface than in the bulk due to the high ionic concentration in the micellar region. Therefore, at present, the localization of EDTA, MnO À 4 and OH À can be considered (Bunton, 1997) . In the present case OH À is not so high but, keeping in mind the well known fact that in presence of cationic micelles the effective local pH in the vicinity of the micellar surface is higher (by ca. 2 units) (Tondre and Hebrant, 1997 ). Thus we assume that the catalytic behaviour of CTAB micelles is caused by the inclusion of EDTA and MnO À 4 into the Stern layer electrostatically. We conclude that the redox reactions between MnO À 4 and EDTA take place in the Stern layer. A possible arrangement (although highly schematic) could be that as shown in Scheme 3.
In order to see the deposition and/or precipitation of Mn(IV) species, solid MnO 2 , a series of experiments were also performed at varying [CTAB] . These observations are summarized in Table 1 . It was noticed that MnO 2 precipitation was not appeared at 25°C after prolonged incubation under our experimental conditions. It was also observed that the yellow color of colloidal MnO 2 (prepared by the reported method ) disappeared during the mixing of EDTA. Mn(IV) species (water soluble colloidal MnO 2 ; H 2 MnO 3 and H 2 MnO 
